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QST: What and Why?

• What is QST?

‒ QST is the application/adaptation of quantitative systems pharmacology (QSP) 
methods and practices to questions around drug safety

‒ QSP involves representing biological processes mathematically in order to 
explain drugs’ effect on the body

‒ QSP methods have traditionally been used to assess drug efficacy; however, 
opportunities for mechanistic modeling exist within the drug toxicity space

• Why do we need QST?

‒ Adverse events continue to slow or halt drug development efforts

‒ QST could inform program development to reduce adverse events

‒ QST can integrate information about mechanisms, exposure, and inter-
individual variability to help explain and predict toxicity



Context of use: What type of 
questions arise in drug safety? 
• Pre-clinical drug development

‒ Can we differentiate compounds or protocols with respect to toxicity risk?

‒ Can we explain inter-species differences in toxicity?

‒ Can we identify mechanisms of toxicity?

• Clinical drug development

‒ Can we predict human toxicity? 

‒ Can we provide biological/mechanistic context for observed toxicity signals?

‒ Can we identify alternate protocols (dosing, monitoring, dose adjustment) to reduce toxicity?

‒ Can we identify susceptible populations/sub-groups?

• Regulatory submissions

‒ Can we provide insight into the putative risk? 

• Exploratory research

‒ Amongst multiple potential mechanisms, can we identify those that contribute to toxicity?



The Need for QST: Opportunities

• Problematic adverse events

‒ Published reports on most common organ toxicities 

‒ Potential application to multiple drug classes

‒ Potential to support the qualification of new biomarkers

• Therapeutic areas where drug failures due to toxicity are common

‒ Identifying areas where there are substantial benefits to be gained through 
development and use of a QST model

• Organ toxicities that are data-rich

‒ Benefits of a quantitative and systematic approach to integrate and reconcile 
what is known

‒ Availability of drugs with well characterized toxicity to provide benchmark 
comparisons for new drugs

Adapted from Redfern 2010



Case Study Presentations on 
Applications of QST
• Jay Mettetal (Astra-Zeneca): translation of preclinical 

signals to inform drug discovery and development

• Melissa Hallow (Univ. of Georgia): QSP model for renal 
toxicity biomarkers

• Eric Sobie (Mount Sinai School of Medicine): QST for 
drug-induced cardiotoxicity

• Jeff Woodhead (DILIsym Services): QST to assess liver 
toxicity of macrolide antibiotics



Translating preclinical safety signals 
to inform discovery and development

Jay Mettetal, Director Safety and ADME M&S

April 11, 2018



Safety and the role in drug attrition

Improvement in earlier 

detection of safety signals 

requires a change in 

strategy (frontloading of 

some existing models/ 

measurements) and/or an 

investment in new 

technology for early 

frontloading.

Improvement in governance

requires acceding to expert 

advice (from the discipline; 

SKGs).  The advice needs to 

arise from sound 

translation data where 

available.

Improvement in risk 

assessment requires 

investment in 

understanding the 

translational reliability of 

the early signals/findings.

Safety and ADME 

Translational 

Sciences

Cook et al., Nat Rev Drug Disc., 2014



Types of Q&SP support into preclinical safety
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PK/PD and PBPK/PD based translation
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Mechanistic translation

Typically either model from 

pre-existing external / 

internal data (top) or novel in 

vivo data post LO (right) Mechanism identification

Combination Dose/Schedule

P
K

/P
D

M
e

c
h

a
n

is
tic

 / 

Q
S

T
 M

o
d

e
ls

Target potency-effect assessment

Benchmark 

Compound 

Analysis

PBPK for ADME & Tissue Distribution

Back Translation



9

Portfolio of systems-based tools



Example: Constructing a GI model - effects of irinotecan 

Diarrhea incidence for 125 

mg/m2/wk for 4 weeks on and 2 

weeks off

Hecht, Gastrointestinal toxicity of Irinotecan, 

Oncology, 1998

Patients Rats

Translation?

• GI effects are among 

most common DLT 

for oncology patients

• Even for targeted 

agents can be driven 

by loss of cells

• On-target: Focus on 

TI and optimal 

schedule

• Preclinical species 

are helpful, but 

quantitatively different

• Use QSP to translate

Damage within days



GI damage model built from literature
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Model Structure

Crypt                  Villus

Parameter Rodent 

Model 

Human 

Model

Stem Cells/Crypt 10 10

Stem cell doubling time 16 hrs 72 hrs

TADC doubling time 12 hrs 32 hrs

Shedding rate 0.45 /day 0.2 /day

# of Transit 

compartments

4 5

# of Crypts feeding each 

villus

7 7



Fitting the model to rat pathology
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12.5 mg/kg

25 mg/kg

50 mg/kg

100 mg/kg

12.5 mg/kg

25 mg/kg

50 mg/kg

100 mg/kg

Pathology Score (N)

1 - Minimal

2 - Mild

3 - Moderate

4 - Marked

5 - Severe

Observation



Mechanistic model predicts human GI toxicity

Results for 125 mg/m2/wk for 4 

weeks on and 2 weeks off



GI Model: Application to development project
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GI Model: Application to development project
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Development of a QSP Model for Renal 
Toxicity Biomarkers

Melissa Hallow, Yeshi Gebremichael, James Lu, Gabriel Helmlinger, 
Jay Mettetal



Detecting Nephrotoxicity

• Subjective

• Delay between dysfunction and histopathologic 
evidence

• Impractical as benchmark for humans

Histo-
pathology

• Insensitive: 
•Has to be substantial injury before it is elevated beyond 
the normal range

•Even small changes indicate substantial injury, increased 
mortality

• Affected by other factors: production, secretion, etc.

Serum 
Creatinine 
and BUN

Challenges:
• Missed signals
• False-positives
• Delayed response due to underestimation of 

injury

Bonventre 2010

Traditional Biomarkers Newer Biomarkers

Challenges:
• Which ones?
• How to interpret?

Opportunities:
• Greater sensitivity, earlier detection
• More informative about mechanism, 

timecourse of injury



Modeling Goals
Develop a tool that:

• Quantitatively and temporally relates biomarker timecourses to underlying injury and 
subsequent organ dysfunction (GFR)

• Extracts greater understanding of injury from in vivo tox studies to benchmark against 
known nephrotoxicants and inform risk assessment

• Can evaluate untested doses/regimens in order minimize renal injury

Current Scope: Proximal tubule epithelial cell injury

- Developed using cisplatin single-dose response

- Tested with cisplatin and gentamicin multi-dose response

Injury process reflected in 
patterns of biomarker 
expression



Multi-scale QSP model links cellular injury with tubular and 
organ-level function

• Knowledge of biomarker and renal physiology, coupled with patterns of biomarker expression, used to 
establish PK-cellular-tubular level model structure.

• Each biomarker constrains different relatioships in the model
• Linked with previously developed renal systems model
• Functional, injured, and dead cells are latent variables that can be validated with histopathology



Model Calibration: Multi-biomarker response 
to cisplatin

Predicted Injured/dead cell 
fraction time courses were in 
agreement with histopathologic 
data on necrosis and 
regeneration



Model validation: Kim-1 -constrained prediction of PT injury and 
organ dysfunction in response to gentamycin

• Model-predicted cell injury agrees well with timecourse and magnitude of histopathologic injury scores
• Model performs well except when renal injury is extreme
• Measuring additional cell death-related biomarker would increase ability to distinguish between cell 

injury/death 



Weekly Administration                                        .

Variable Dosing interval  for 1.2 mg/kg                                         .

Application: evaluating alternative doses/regimens

Brown triangles: Experimentally measured serum creatinine for dose regimens corresponding to blue curves
Kobayashi et al. J Pharm Pharmacol, 2000. 52(10): p. 1233-7.

• May be used to identify dosing regiments that keep cell death levels below a specified 
limit



Model can be used to understand 
mechanisms of renal impairments

• Changes in GFR represent the integrated result of direct alterations in renal 
function and indirect effects of renal feedback mechanisms



Applications and Future Directions

Applications:
• Use a small number of urinary biomarkers to detect and quantify mild-to-moderate 

preclinical renal injury

‒ reduces/eliminates need for histopathology

‒ More quantitative insight on the magnitude and timecourse of renal injury

‒ Increased understanding of how tubular impairment leads to impaired filtration

• Benchmarking new compounds against existing known nephrotoxicants for which clinical 
outcomes are known

• Quantitative evaluation of untested doses and regimens

Future work:
• Preclinical to clinical translation

• Other forms of renal injury

• Additional biomarkers and validation with additional compounds

• More severe renal injury

• AKI to CKD transition



Quantitative Systems Toxicology for drug-induced 
cardiotoxicity – successes and current challenges

Eric Sobie
Department of Pharmacological Sciences

eric.sobie@mssm.edu

mailto:eric.sobie@mssm.edu


Cardiovascular toxicity can take 
many forms

Drug-induced arrhythmias (Torsades de Pointes)
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Cardiomyopathy/decreased ejection fraction

Myocardial infarction, hypertension

QSP modeling is becoming a central feature

QSP modeling is beginning to be applied

Limited QSP efforts

QSP approaches have made variable progress in addressing 
the different toxicities



Blockade of cardiac ion channels, especially hERG (IKr) can 
prolong action potentials and cause arrhythmias.

Drug-induced Torsades de Pointes

hERG image: Grilo  et al., (2010) Front in Pharm 1:137

Drug

Control

APD

Action potential 
lengthening

hERG block Torsades
de Pointes

QT prolongation
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Complicating factors:

Drugs block multiple ion channels

Arrhythmias can arise without substantial action potential prolongation

Both cellular and tissue effects can contribute



The role of modeling in Torsades prediction
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CiPA = Comprehensive in vitro Proarrhythmia Assay

Ion channel block Simulations Cellular physiology

Gintant et al, Nat. Rev. Drug Discovery (2016) 15:457-471.

(1) Ion channel blockade by drugs is the primary input to the modeling

(2) Cellular-level models predict drug-induced changes to action potentials

(3) Simulation results will be compared with cell culture experiments and clinical data



Cellular models for Torsades prediction

• 10-20 ion channels, pumps, and 
transporters

• 20-60 ordinary differential 
equations

• Drug effects simulated by 
reducing/enhancing activities

Models simulate ionic currents, intracellular ionic homeostasis

29

Models have been developed over ~50 years of basic physiology research



QSP modeling to improve Torsades prediction

PhysiologyBioinformatics

Machine learning

Mechanistic cellular QSP modelsIon channel block measurements

Improved identification 
of toxic drugs

Toxicity database
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ion channels
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D
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Measurements

Simulations produce a large set of pseudo-data
Action potential:

Ca2+ transient:

Also AP rate dependence and transmural 
dispersion

331 metrics from 67 drugs
31Cummins Lancaster & Sobie, Clinical Pharmacology & Therapeutics (2016) 100:371-379.



auROC = 0.8654

auROC = 0.8147

Superior prediction of arrhythmia risk for real drugs.

auROC = 0.9630

Machine Learning produces an improved classifier
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Additional value added through QSP modeling
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Dose dependence: The simulations predict that some drugs 
only reveal arrhythmia risk at high plasma concentrations.

Experimental prioritization: The simulations predict which ion 
channels should be assessed, and which in vitro physiology 
assays should be conducted.

Precision predictions: Analysis of the simulation results 
provides insight into which individuals are at greatest risk 
of drug-induced Torsades.



A different way to envision CiPA?

34

which channels?

which assays?

better models



Current challenges and future work
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Quantitatively correcting for the limitations of experimental 
models 

Applying mechanistic QSP modeling to decreased ejection 
fraction & cardiomyopathy caused by cancer therapeutics

Omics Data Model Simulations

Baseline Stimulated

Gong & Sobie, npj Systems Biology & Applications (2018) 4:11.

Shim et al, Frontiers in Physiology (2017) 8:651.
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DILIsym, a platform model for 
drug-induced liver injury
• Multiple species: human, rat, mouse, and dog

▪ Population variability

• The three primary acinar zones of liver 
represented

• Essential cellular processes represented to 
multiple scales in interacting sub-models 

‒ Pharmacokinetics

‒ Dosing (IP, IV, Oral)

‒ Transporter Inhibition

‒ Drug metabolism

‒ GSH depletion

‒ Injury progression

‒ Mitochondrial dysfunction, toxicity

‒ Bile acid mediated toxicity

‒ Steatosis and lipotoxicity

‒ Cellular energy balance

‒ Hepatocyte apoptosis and necrosis, and proliferation

‒ Macrophage, LSEC life cycles

‒ Immune mediators

‒ Caloric intake

‒ Biomarkers



Clinical data (when available) 
help constrain prospective predictions

• Biomarkers
- Timing and magnitude of injury

• Anthropometric data
- Body weight, age, ethnicity

• Pharmacokinetic data
- Absorption, extra-hepatic clearance, metabolites

PBPK Modeling
• Compound Properties

- Tissue partition coefficients

• Tissue penetration studies
- Liver to blood ratio

• Pharmacokinetic data
- Absorption, extra-hepatic clearance, metabolites

• in vitro data
- Metabolite synthesis, active uptake

DILIsym® Mechanism-Based Modeling
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Modeling & 
Simulation

DILIsym® Input Panel

Clinical Data

Assays performed to determine 
quantitative aspects of DILI mechanisms
• Oxidative stress

- Direct and reactive                          
metabolite-mediated

• mitochondrial dysfunction 
- ETC inhibition
- Uncoupling

• Bile acid transporter inhibition
- BSEP
- MRP 3 and 4
- NTCP

Hepatic Compound and 
Metabolite Exposure

Simulations and Assays inform:
• Prediction of DILI risk
• Participating DILI mechanisms
• Characteristics of patients at risk 
for DILI
• Drug dosing paradigms
• DILI monitoring strategies



Case study from DILIsym



Macrolide Antibiotics Cause Rare 
Liver Toxicity
• Several macrolide antibiotics cause 

moderate ALT elevations in 1-2% of 
population

‒ Erythromycin and clarithromycin are 
commonly prescribed

• Telithromycin was pulled from the 
market due to rare but severe liver 
toxicity

• A novel antibiotic, solithromycin, 
caused ALT elevations in a higher 
percentage of the population

‒ Structurally similar to telithromycin

• DILIsym was enlisted to determine the 
likely mechanism of solithromycin
toxicity and whether it was similar to 
that for the other macrolides

Compound Protocol

Peak ALT > 
3X ULN†

Observed*

Solithromycin

Oral 
(CE01-300)

5.4% 

(22/411)

IV-to-Oral
(CE01-301)

9.1%

(38/417)

Erythromycin
500 mg 

QID 10 days 
1-2%

Clarithromycin 500 mg BID 7 days 1-2%

Telithromycin 800 mg QD 10 days ~0.5%

*Solithromycin clinical data – clinical trials; erythromycin clinical data – Liver Tox

database; telithromycin clinical data - Kaye 2014 and FDA reports; clarithromycin clinical 

data – Liver Tox database and Leitner 2010 which compares clari and ery



Comparison of Final DILIsym Input 
Parameters For Macrolide Antibiotics

*IC50 values; default assumption is mixed inhibition type with α = 5, based on the experience of the DSS team;

**Morgan 2013;

***Values shown in the table for DILIsym input parameters should not be interpreted in isolation with respect to clinical implications, but rather, should be combined with exposure in 

DILIsym to produce simulations that have predictive and insightful value
&Morgan 2013 reports MRP4 inhibition but no MRP3 inhibition
%Vermeer 2016
%%Vermeer 2016 reports no MRP3 inhibition but does not report MRP4
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Mechanism Parameter Unit
Value***

Solithromycin Telithromycin Erythromycin Clarithromycin

Mitochondrial 
Dysfunction

Coefficient for 
ETC inhibition 1

mol/mL 4 x 10-5 1.77 x 10-4 No inhibition 2.5 x 10-6

Coefficient for 
ETC Inhibition 3 mol/mL 1 x 10-10 No inhibition No inhibition 1 x 10-10

Max inhibitory 
effect for ETC 
inhibition 3

dimensionless 0.35 No inhibition No inhibition 0.3

Oxidative Stress
RNS/ROS 

production rate 
constant 1

mL/mol/hr 100,000 53,700 11,000 24,400

Bile Acid
Transporter
Inhibition

BSEP inhibition 
constant

µM 28.2* 5* 13* 59%

NTCP inhibition
constant

µM No inhibition No inhibition No inhibition No inhibition

MRP4 inhibition
constant

µM 42.2* 7.1& No inhibition** No data%%



Solithromycin, Clarithromycin, and 
Erythromycin are Well-Predicted by DILIsym 
but Telithromycin Is Not

Compound Protocol
Peak ALT > 3X ULN†

Observed* Simulated**

Solithromycin

Oral 
(CE01-300)

3.2% 
3.9%

(11/285)

IV-to-Oral
(CE01-301)

5.5%
6.0%

(17/285)

Erythromycin
500 mg 

QID 10 days 
1-2%

2.8% 
(8/285)

Clarithromycin 500 mg BID 7 days 1-2%
2.8%

(8/285)

Telithromycin 800 mg QD 10 days 0-0.5% 0%

*Solithromycin clinical data – clinical trials, including only patients with normal ALT at baseline; erythromycin clinical data – Liver Tox 

database; telithromycin clinical data - Kaye 2014 and FDA reports; clarithromycin clinical data – Liver Tox database and Leitner 2010 

which compares clari and ery

**SimPops Human_ROS_apop_mito_BA_v4A_1 (n=285) used for simulations; simulations shown here were done in the absence of 

adaptation through mitochondrial biogenesis with the default assumptions of average PK (drug exposure) and mixed bile acid transporter 

inhibition with α = 5
†ALT upper limit of normal (ULN) in DILIsym is 40 U/L



DILIsym Can Be Used to Explore 
Mechanisms of Toxicity
• Mechanisms of toxicity can be 

toggled on/off in order to 
determine which mechanisms 
are more important

‒ Decrease in frequency of ALT 
elevations when a mechanism is 
off implies that the mechanism 
contributes to observed toxicity

• Example for clarithromycin 
shown at right

‒ Mechanistic simulations suggest 
that ETC inhibition is predominant 
mechanism 

‒ Moderate contribution from bile 
acid transporter inhibition

‒ ROS production does not 
contribute at all

Mechanism(s) 
On

Mechanism
Off

Simulated*

ALT > 3X 
ULN**

All
(ETCi, ROS, BAi)

- 8/285

ETCi, ROS BAi 3/285

BAi, ROS ETCi 0/285

BAi, ETCi ROS 8/285

*SimPops Human_ROS_apop_mito_BA_v4A_1 (n=285) used for simulations

**ALT upper limit of normal (ULN) in DILIsym is 40 U/L

ETCi – electron transport chain inhibition

BAi – bile acid transporter inhibition

ROS – reactive oxygen species (oxidative stress)

Clarithromycin



Mechanisms Responsible for ALT 
Elevations Are Different Among 
Different Macrolides
• Mechanistic simulations 

suggest that solithromycin and 
clarithromycin have similar 
mechanisms of toxicity while 
erythromycin is different

‒ Telithromycin toxicity, though 
more similar to erythromycin 
than to clarithromycin or 
solithromycin, is probably also 
due to a mechanism not 
included in DILIsym

• Results demonstrate difficulty 
in extrapolating toxicity risk 
based on drug class or 
structural similarity

‒ Solithromycin, though 
structurally similar to 
telithromycin, looks more like 
clarithromycin in terms of 
toxicity mechanism

DILI 
Mechanism

Solithromycin Telithromycin Erythromycin Clarithromycin

Mitochondrial 
Dysfunction

Predominant None None Predominant

Oxidative
Stress

None None Minor None

Bile Acid
Transporter

Inhibition
Minor Minor Predominant Minor



FDA panel narrowly backs Cempra antibiotic

Posted: 5:17 p.m. Friday, Nov. 4, 2016

The Associated Press 

WASHINGTON —

The Food and Drug Administration's outside experts voted 

7-6 in favor of the drug, saying its effectiveness outweighed 

risks of liver toxicity seen in company studies. The vote is 

nonbinding but the FDA often follows the advice of its panelists.

Reuters News – Thu Dec 29, 2016. 9:05 am EST

“The agency recommended an additional 9,000 patient study to 

rule out risk”.



Conclusions

• Quantitative systems toxicology (QST) uses knowledge of common injury 
mechanisms to explain and predict the toxicity of drugs

‒ Requires understanding of organ-level biochemistry

• QST can serve as a integrator for current in vitro, in vivo, and in silico
toxicological methods by providing mechanistic context 

‒ Using QST to look at lots of data from different sources together can increase confidence 
in predictions

• QST models have been used to explain observed kidney, heart, and liver toxicity

• QST methods have promise as a part of drug development processes in the 
future

‒ Currently used to interpret biomarker profiles, assess risk of compounds late in clinical 
development

‒ Estimation of organ-level exposure and development of high-throughput in vitro toxicity 
assays can help QST contribute in early phases of development


